significantly where as the output rectifier operation detonated at low-temperature. The performance of the output filter inductor and capacitor did not change significantly at 77% compared to room temperature performance. It is possible to achieve high-density and high efficiency power conversion at low-temperatures due to improved electronic, electrical and thermal properties of materials.
Introduction
Low-temperature signal level electronics in use or contemplated, range from single-transistor amplifiers to computer systems employing many VLSI integrated circuits. Recent advances in high-temperature (125%) superconductor technology have also motivated the investigation of power electronic devices, circuits, and systems at low temperatures. Low-temperature electronics will interface the superconducting electronics and roomtemperature electronics.
In general, low-temperature electronics (77°K) will find applications where: (1) the ambient includes low-temperatures such as in deep-space, (2) a low-temperature environment is already present, such as in magnetic resonance imaging systems, and (3) the performance enhancement of existing room-temperature technology is of importance. In the future, low-temperature power electronics (LTPE) will find applications in MagLev transportation, high-power motor drive systems, and power supplies for high-speed supercomputers. An important aerospace application of LTPE is deep-space exploration. As shown in Fig. 1 , the ambient temperature of a space probe is on the order of 40°K in deep-space. The electronics will thus have to operate reliably over a wide temperature range which includes the low-temperature region. additional heat-rejection system is needed to reject the excess heat when the probe is near the earth orbit since RHUS operate continuously. Electronics that will operate reliably in a wide temperature range including the lowtemperature region will certainly find applications in future space probes.
The operation of power semiconductor devices at low temperatures is expected to result in an improved power handling capability due to increased carrier mobility, improved reliability due to lower junction temperatures, and higher power density due to better thermal conductivity of packaging materials and silicon. To investigate the overall circuit performance at LN2 temperature, a 42 Vf2OYd28 V, 175 W, 50 H-Iz pulse-width modulated (PWM) buck dc/dc converter was designed, fabricated, and tested at room temperature (300"K), as well as at liquid nitrogen (LN2) temperature (77%). At the component level, the inductor losses as well as the switching and conduction behavior of a power MOSFET and diode were also studied.
PWM Buck D C B C Converter
A 42 Vf2OYd28 V, 175 W, 50 kHz PWh4 buck dc/dc converter was designed and operated at room temperature (RT) as well as at liquid nitrogen temperature (LNT). This type of converter can potentially be used in small scientitic/experimental spacecraft such as the proposed CLIR (Combined Lander and Instrumented Rover). The converter circuit is shown in Fig. 2 , and it is designed for a minimum output power of 35 W and a maximum output voltage ripple of 0.5%. Based on equation (I), the required output filter inductor of 100 was designed using a molypermalloy powder (MPP) core. Silver-plated copper wire with teflon resin tape insulation suitable for wide-temperature operation was used for winding the inductor. The MPP core was expected to operate at LNT with a somewhat increased loss [2, 3] . An output filter capacitance of 60 pF was used instead of the calculated value of 45 pF from equation (2), to provide a design margin for the output ripple voltage against the drop in capacitor value at low temperatures. Standard low ESR metalized polypropylene film capacitors were used because of their superior low-temperature characteristics.
Figs. 4-11 and are discussed in the following section. The control circuitry as well as all measuring and sensing instruments were at room temperature whde the power circuitry was in the LN2 Dewar, resulting in a noncompact circuit layout. The power converter was able to restart at 77%.
Discussion of Results
The recorded circuit efficiency is shown in Table I . Efficiency improved by about 1.5% due to the use of a snubber both at RT as well as LNT while reducing unwanted high frequency ringing between circuit inductance and MOSFET junction capacitance as can be seen in Figs. 4-7. More interestingly, the circuit efficiency improved by about 1.3% at LN2 temperature with or without the snubber circuit.
An efficiency of 97% was recorded for LNT operation with a snubber circuit.
Power semiconductor selection: For low temperatures, the primary semiconductor material is Si, although GaAs also has considerable potential and the primary device is the field-effect transistor in various forms [4] . Reduced temperature operation offers improvements in performance through improvement of materials-based properties such as electronic carrier mobility, thermal conductivity, and electrical conductivity.
Substantial improvements in reliability are also expected since degradation mechanisms are thermally activated. Therefore, LNT operation of Sibased power semiconductors is of great interest for achieving high efficiency converters. 
Experimental Procedure
The esperimental setup is shown in Fig. 3 . The control circuitry was kept at room temperature while the power circuitry was placed in a Dewar flask. Data were recorded for full-load (175 W of output power) operation both at room and LN2 temperature using the same circuit layout. For LNT data, the Dewar flask was first filled with LN2 and then the power circuit board was dipped while the converter was powered on. The converter was operated continuously for one hour before recording each set of data. An K-C snubber across the power MOSFET was used to reduce the switching transients. The snubber consisted of a 50 R resistor in series with a 0.002pF capacitor. Data were recorded with and kbithout the snubber to study the switching performance of the semiconductor devices at low temperature. Some of the recorded waveforms are shown in 
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At LNT, the diode loss almost doubled compared to RT operation due to increased forward voltage drop. The reverse saturation current of a p-n junction is proportional to the square of the intrinsic camer density, which decreases by approximately 30 orders of magnitude behveen RT and LNT.
The large reduction in saturation current is accompanied by an increase in the fonvard bias voltage needed to reach a given level of conduction in the forward direction. However, the reverse recovery peak current and time of diode rectifier improved significantly at lowtemperature.
The conduction loss of the power MOSFET decreased sigIllficantly at LNT due to reduction in drain-tosource resistance. The primary reason for h s improvement is the increased mobility of carriers due to reduced scattering. Camer freezeout is not a problem for the enhancement mode MOSFETs since the sourcedrain regions are heavily doped. The tum-on loss of the sM;itch (0.5CVz) also reduced at LNT due to decreased value of the drain-to-source junction capacitance [ 5 ] as can be seen in Figs. 8 and 9 . There is a significant turn-off loss (0.5L12) due to resonance between the circuit layout inductance and MOSFET junction capacitance as can be seen in Figs. 4 and 
5.
However, LN2 operation did reduce the turn-off loss a little. As can be seen in Figs. 10 and 11 , the frequency of oscillation at turn-off increased at LNT because of slightly reduced value of MOSFET junction capacitance. This situation can be improved si@lcantly by having a compact circuit layout which was not possible in this case because the power circuit was dipped in LN2 whereas the control circuitry was at room temperature.
Also, all the measurements were taken outside the Dewar.
The best way to attack this problem is to use a resonant (soft) switching technique instead of a PWM (hard) switching topology. Such a circuit employing zero-voltage switching for both switches is shown in Fig. 12 . Ultra-high efficiency can be achieved from this type of circuit at LNT because the switching loss will be practically eliminated, and the conduction loss, which is sigruficant at room temperature, is reduced dramatically due to very low drainto-source on-resistance at LNT [6,7].
The conduction loss of MOSFET decreases whereas that of the diode rectifier increases at low-temperature, making synchronous rectification highly attractive for lowtemperature power converters as shown in Fig. 13 . Another interesting finding was that the power MOSFETs rise and fall times improved marginally at LNT, unlike in signal MOSFETs, where the speed of operation improved by almost a factor of two [4] . This finding supports the results reported in [SI.
The MPP inductor loss was expected to increase slightly at LNT due to increased fluxdensity and decreased core resistivity [9] . However, measurements indicate that the loss practically remained unchanged. Further study of low-temperature magnetics is needed to understand the temperature dependence of hysteresis and eddy current losses, and other magnetic properties. The output filter capacitor used is film type and its value is expected to drop slightly at LNT [6] , however, it was not studied in this work. The increased thermal conductivity of the capacitor body will in effect increase its current capability as will the voltage capability of the insulating film.
In terms of reliability, many degrading mechanisms are thermally activated and they follow an Arrhenius-like equation for the mean-time-between-failure (MTBF) or lifetime given by, where, EA is an activation energy for electromigration, interdiffusion, chemical reaction, or corrosion and is in the range of 0.4 to 1.0 eV for these processes, k is Boltzmann's constant, and T is temperature in OK. Therefore, as the temperature is reduced, there is an exponential increase in lifetime. However, this theoretical justification has not been yet supported experimentally. Thermal cycling is another important unexplored area. In this work, only the power components were dipped in LN2, whereas the control circuit was at room temperature. However, performance of the converter can be further improved if the control circuit can also be operated in LN2, making it possible to design compact power converters. Currently, the design of power control circuits using commercially available CMOS and BiCMOS integrated circuits is being carried out. The operation of integrated circuits at clyogenic temperatures will result in increased speed, reduced latch-up susceptibility, reduced leakage current, and reduced thermal noise. The variation of switching frequency and its effect on the power converter performance will have to be investigated.
Conclusions
This work demonstrates that it is possible to design and operate power converters efficiently at low-temperatures with commercially available components. The PWM buck converter efficiency improved by 1.2% at liquid-nitrogen temperature compared to room temperature operation. Performance of power MOSFET improves sigrdkantly and that of recMier detonates at low temperatures, making synchronous rectification highly attractive. Passive components loss did not change significantly with decreasing temperatures.
Ultra-high efficiency power conversion is possible using resonant circuits at lowtemperatures. Research must continue to exploit the lowtemperature characteristics of signal and power level active and passive components in improving the overall power system performance. 
